expressing VGLUT1, and in particular by neurons in the Results thalamus, hypothalamus, and brainstem. Using an anti-DNPI more closely resembles VGLUT1 than other type body that we raised to the protein, immunocytochemis-I phosphate transporters such as NaPi-1 and sialin (Figtry supports the localization of DNPI to synapses that ure 1), suggesting that it may also transport glutamate appear largely distinct from those labeled for VGLUT1.
into synaptic vesicles. In addition, DNPI is expressed In addition, we establish the localization of DNPI to synselectively in the nervous system (Aihara et al., 2000) aptic vesicles by differential centrifugation, velocity grawhere it appears to have a distribution different from dient fractionation, and immunoelectron microscopy.
VGLUT1 Horizontal (A and B) and coronal (C-H) brain sections from 3-week-old rats were hybridized with 35 S-labeled antisense RNA probes derived from unique carboxy-terminal and 3Ј untranslated regions of rat DNPI/VGLUT2 (A and C-E) or VGLUT1 (B and F-H) cDNAs and exposed to film for 3 days. The cortex, hippocampus, and cerebellar cortex express predominantly VGLUT1, whereas the thalamus, brainstem, and deep cerebellar nuclei (DCN) express predominantly DNPI. Within the cortex, DNPI is expressed predominantly by neurons in layer IV, whereas VGLUT1 is expressed by layers II-VI. The caudate-putamen (CPu), containing largely inhibitory neurons, expresses neither sequence (C and F). In addition, the medial septum (MS), nuclei of the diagonal band (NDB), and hypothalamus (Hypo) express only DNPI (C). Within the hippocampus, DNPI occurs at low levels in the pyramidal cell layer relative to VGLUT1, but is slightly higher in CA1 and 2 than in other fields and is undetectable in the dentate gyrus (DG). In contrast, VGLUT1 shows robust expression by pyramidal neurons and granule cells in all areas (G). Numerous thalamic (Thal) and hypothalamic nuclei (such as the ventromedial nucleus, VMH) express DNPI but very little VGLUT1 (D and G). In the amygdala, the medial nucleus (Me) hybridizes exclusively for DNPI, whereas the lateral and basolateral (BL) nuclei hybridize more strongly for VGLUT1. Abbreviations not defined above: Cg, anterior cingulate cortex; Cl, claustrum; RS, retrospenial cortex; PrS, presubiculum; S, subiculum; SC, superior colliculus; MG, medial geniculate; CG, central gray; R, red nucleus; IP, interpeduncular nucleus; Pir, piriform cortex; MHb, medial habenula. Scale bars: 2 mm (A and B), 1.25 mm (C-H).
end of the protein-coding regions (and part of the 3Ј nal band, hypothalamus, and the midbrain express DNPI but not VGLUT1 (Figures 2C-2H ). untranslated regions), where the cDNAs are divergent. Further, longer probes containing more of the shared Several brain regions express both DNPI and VGLUT1, but in most of these, one transcript predominates and protein-coding sequence hybridized in a distribution identical to the shorter probes. The discrete patterns the patterns of expression remain distinct. All cortical layers label strongly for VGLUT1, whereas only layer IV of hybridization observed also indicate essentially no cross-reactivity between the two sequences. On horiof frontal and parietal cortex and layers IV and VI of temporal cortex label for DNPI (Figure 2 ). In the hippozontal sections, the brainstem labels strongly for DNPI and very little if at all for VGLUT1 (Figures 2A and 2B) .
campus, dentate gyrus granule cells contain only VGLUT1 mRNA ( Figure 2G ). Pyramidal neurons from CA1 In the cerebellum, the cortex hybridizes to VGLUT1 but not to DNPI, whereas the deep nuclei hybridize selecthrough CA3 also express abundant VGLUT1, but lower levels of DNPI occur as well (Figures 2D). CA1 in particutively to DNPI. Thus, the pattern of expression appears largely complementary. The analysis of coronal sections lar labels for DNPI more strongly than other hippocampal fields, but the subiculum and presubiculum contain further shows that the septal nuclei, nuclei of the diago-abundant DNPI mRNA ( Figure 2E ). The thalamus exmillary nuclei ( Figure 3F ). The amygdala stains almost equally with the two antibodies, with slight differences presses much more DNPI than VGLUT1 ( Figure 2D ), but certain thalamic nuclei such as the medial habenula in pattern. At the level of the midbrain, the DNPI antibody produces widespread labeling, with VGLUT1 detectable hybridize to VGLUT1 ( Figure 2G ). In the amygdala, the medial and central nuclei contain abundant mRNA for only in the medial geniculate nucleus of the thalamus ( Figures 3E and 3F) . Layers I and III of the presubiculum DNPI, and the lateral and basolateral nuclei for VGLUT1 (Figures 2D and 2G) 4H ). each antibody indeed confirm the lack of cross-reactivDendrites in this layer derive predominantly from inhibiity. In contrast to the detection of VGLUT mRNA in cell tory Purkinje cells or interneurons, which do not express bodies, the VGLUT proteins localize to processes.
either DNPI or VGLUT1 mRNA. DNPI-immunoreactive Although brain regions such as the caudate-putamen puncta in the molecular layer thus most likely represent label with both antibodies, presumably due to the exexpression at nerve terminals. In particular, the DNPI pression of DNPI and VGLUT1 by distinct afferents, the antibody labels climbing fibers ( Figure 4F ) derived from immunoreactivity in many other areas appears segreinferior olivary neurons that express DNPI transcripts.
gated (Figure 3). The neocortex stains more strongly
In contrast, the VGLUT1 antibody stains parallel fibers overall for VGLUT1 than DNPI, but layers IV and VI stain ( Figure 4H ) originating from granule cells that express for DNPI and the VGLUT1 immunoreactivity appears less VGLUT1 mRNA. Thus, the two major classes of excitintense in these layers ( Figures 3A and 3B ). In addition, atory synaptic input onto Purkinje cells show complethe piriform cortex stains more strongly for VGLUT1 than mentary expression of DNPI and VGLUT1. Both DNPI DNPI. The septal region also shows opposing gradients and VGLUT1 also localize to mossy fiber terminals in of labeling, with more VGLUT1 laterally and DNPI alone the granular layer of the cerebellum ( Figures 4F and 4H ), in the medial septum and nuclei of the diagonal band. At consistent with the origin of mossy fibers from many the level of the diencephalon, particular thalamic nuclei different CNS regions. exhibit strong labeling for DNPI. Figure 3C shows that the midline, intralaminar and, to a lesser extent, lateral geniculate, ventroposterior medial, and lateral nuclei Localization to Synaptic Vesicles The expression of DNPI at synapses and in particular on stain more strongly for DNPI than the posterior nucleus. Conversely, the lateral nuclei stain more strongly for nerve terminals suggests that it may localize to synaptic vesicles, similar to VGLUT1 (Bellocchio et al., 1998). We VGLUT1 than medial nuclei ( Figure 3D ). The hypothalamus also shows more immunoreactivity for DNPI than have therefore used biochemical fractionation of brain extracts to determine the subcellular location of DNPI. VGLUT1, but with discrete areas of increased VGLUT1 labeling such as the ventromedial ( Figure 3D ) and mam- Figure 5A shows progressive enrichment of the synaptic but its addition to valinomycin essentially abolishes uptake. DNPI thus resembles VGLUT1 in transport activity.
DNPI Transports Glutamate
In PC12 cells, the immunoreactivity for both DNPI and To determine whether DNPI transports glutamate into VGLUT1 is intracellular and colocalizes with synaptosecretory vesicles, we used heterologous expression in physin in processes (Figures 7C-7H) . However, we also rat pheochromocytoma PC12 cells, which exhibit no observed a difference in the subcellular location of DNPI endogenous DNPI mRNA or immunoreactivity (Figures and VGLUT1. Within cell bodies, DNPI localizes diffusely 7A and 7B). We derived a series of transfected clones throughout the cytoplasm ( Figure 7C ). In contrast, stably expressing DNPI, prepared a population of light VGLUT1 has a more peripheral distribution, just beneath membranes including synaptic-like microvesicles, and the plasma membrane ( Figure 7F ). We have observed assayed their ability to accumulate [ express only VGLUT1, whereas most cells in the brainstem express only VGLUT2. In the cerebellum, the cortex expresses VGLUT1 and the deep nuclei VGLUT2. In other regions expressing both isoforms, one clearly predominates. Although most cortical layers express VGLUT1, neurons in layers IV and VI express VGLUT2. In addition, the thalamus expresses predominantly VGLUT2, but selected nuclei express low levels of VGLUT1. The complementary pattern of VGLUT1 and 2 expression appears to reflect segregated expression at the level of individual neurons. It remains to be determined whether there may also be cells that express both transcripts.
The expression of VGLUT1 and 2 accounts for the exocytotic release of glutamate by essentially all excitatory neurons. We have not observed any known population of excitatory neurons that does not express either isoform. In addition, nonglutamatergic cells do not express either VGLUT1 or 2. However, monoamine neurons have been reported to form glutamatergic autapses in culture, suggesting the expression of a vesicular glutamate transporter (Sulzer et al., 1998). Monoamine neurons may thus express a VGLUT isoform either transiently during development or after growth in vitro. Motor neurons have also been shown to exhibit quantal glutamate release after cytoplasmic loading with high also appears in the cerebellar cortex, a rhombence-VGLUT1 (Dittman and Regehr, 1998). In the brainstem, sensory neurons required to relay information with high phalic structure, and VGLUT2 in layer IV of the cortex. Thus, the decision to express VGLUT1 or 2 does not fidelity also express VGLUT2. Thalamocortical projections expressing VGLUT2 also show a higher probability coincide with an easily identifiable developmental event.
The complementary expression of VGLUT1 and 2 sugof release than intracortical projections presumably expressing VGLUT1 (Gil et al., 1999). Hippocampal syngests distinct physiological roles in excitatory neurotransmission. However, we have not detected a clear apses, which generally express VGLUT1, show a variable but generally low probability of release (Hessler difference in the characteristics of transport between the two isoforms. Both exhibit a similar apparent affinity et al., 1993; Rosenmund et al., 1993). Interestingly, the probability of transmitter release at CA1 synapses apfor glutamate and a biphasic dependence on chloride. They both also rely predominantly on ⌬⌿ but clearly pears to decline during early postnatal development (Bolshakov and Siegelbaum, 1995), and VGLUT1 expresdepend on ⌬pH as well, and both fail to recognize aspartate. VGLUT1 and 2 may thus differ in regulation rather sion upregulates dramatically during this time (Ni et al., 1995) whereas VGLUT2 remains constant (Aihara et al., than intrinsic transport activity.
The differential expression of VGLUT1 and 2 appears 2000). Thus, VGLUT2 appears to be expressed at synapses with a high release probability and VGLUT1 at to correlate with one measurable property of synapses, the probability of transmitter release. In the cerebellum, synapses with lower probabilities of release. How might the expression of VGLUT1 and 2 contribute climbing fiber synapses show an extremely high probability of release and express VGLUT2, whereas parallel to differences in the probability of transmitter release?
The results suggest that differences in trafficking may be fiber synapses onto the same population of Purkinje cells exhibit a lower probability of release and express responsible. Differential centrifugation of brain extracts PCR and subcloned into the RNA expression plasmid pBluescriptII primers (5Ј-GGGAATTCATTCATGAAGATGAACTGGATGAA and 5Ј-GGCTCGAGCTAGCTTCGTTATGAATAATCATC) and subcloned (Stratagene).
35 S-labeled antisense and sense strand RNA probes were prepared by in vitro transcription of the linearized templates into pGEX-5X-1 at EcoRI and XhoI sites. The fusion protein was produced in the XL1-Blue strain of E. coli, purified over glutathioneto a specific activity Ͼ10 9 cpm/g. In situ hybridization was conducted as previously described (Fremeau et al., 1992) by postfixation sepharose, and used to generate polyclonal rabbit antisera (Quality Controlled Biochemicals). in 4% paraformaldehyde (PFA) of rat brain sections from 21-dayold males (Sprague-Dawley) and hybridization to 35 S-labeled singlestranded RNA probes in 50% formamide for 16-18 hr at 53ЊC. The Immunocytochemistry sections were then treated with RNase A (50 g/ml for 60 min at 23-day-old Sprague-Dawley rats (Charles River) were anesthetized 37ЊC), washed at high stringency (0.1ϫ SSC for 3 hr at 50ЊC), exwith pentobarbital, perfused with 4% PFA/PBS, and the brains were posed to BioMax MS film (Kodak) for 3 days, dipped in NTB2 nuclear removed, postfixed by immersion in 4% PFA/PBS overnight, equilitrack emulsion (Kodak), and exposed for 4-6 weeks. brated with 30% sucrose/PBS, and frozen. Coronal sections (40 m) were immunostained with the rabbit antibody to VGLUT2-GST after preadsorption with 20 g/ml VGLUT1-GST. Adjacent sections Polyclonal Antibody Production The pGEX bacterial expression system (Pharmacia Biotech) was were immunostained in parallel with rabbit anti-VGLUT1-GST antibody after preadsorption with 20 g/ml VGLUT2-GST. The antibody used to produce a glutathione S-transferase (GST) fusion protein containing the carboxy-terminal 64 amino acids (residues 519-582) deposits were visualized with biotinylated goat anti-rabbit secondary antibody, avidin-biotin-peroxidase (Vector), and H 2 O 2 /diaminoof rat DNPI. The 3Ј end of the protein-coding region (nucleotides 2017-2220) was amplified from the rat DNPI cDNA by PCR using benzidine as previously described (Bellocchio et al., 1998) but with-out NiSO 4 . Alternatively, brains of Wistar rats perfusion fixed with hr. The pellet was resuspended in SH buffer with protease inhibitors at ‫01ف‬ mg protein/ml. 4% PFA in 0.1 M sodium phosphate buffer (pH 7.4) (or, for electron microscopy, with the addition of 0.5% glutaraldehyde) were secTo initiate the transport reaction, 20 l membranes ‫002ف(‬ g protein) were added to 180 l SH buffer containing 4 mM KCl, 4 tioned sagittally at 40 m by a Vibratome. The sections were processed for light and electron microscopic immunoperoxidase as mM MgSO 4 , 4 mM ATP, and 100 M [ 3 H]L-glutamate, with other additions noted in the text and figure legends. The reaction mixture described (Chaudhry et al., 1998), except that for light microscopy 0.5% Triton X-100 was included with the antibodies (prepared as was incubated at 29ЊC for varying intervals, uptake was terminated by rapid filtration through Supor-200 membranes (Gelman), and the above).
Postembedding immunogold localization was performed generfilters were washed rapidly four times with 1.5 ml cold 0.155 M potassium tartrate/10 mm HEPES-KOH (pH 7.4) before measuring ally as described (Chaudhry et al., 1995) . Specifically, rats were perfused with 4% PFA ϩ 0.1% glutaraldehyde, and brain tissue the bound radioactivity by scintillation counting in 3 ml Cytoscint (ICN). Uptake specifically mediated by DNPI/VGLUT2 was deterwas embedded by freeze-substitution in Lowicryl HM20. Ultrathin sections (70 nm) mounted on Formvar-coated nickel grids were mined by subtracting the background uptake of untransfected cell membranes from the uptake by transfected cell membranes. To etched on drops of fresh 1% H 2 O 2 in ultrapure water for 0.5 hr at room temperature in the dark, blocked with 5% normal goat serum ϩ examine the chloride dependence of transport, varying proportions of 0.14 M K gluconate and 0.14 M KCl were mixed in the standard 2% BSA in 0.05 M Tris-HCl (pH 7.6), 0.14 M NaCl, 0.01% Triton X-100 (TBSX) for 1 hr at room temperature, and incubated with the reaction buffer (without sucrose) to vary the chloride concentration and maintain constant osmolarity. The ionophores nigericin and primary antibodies in the blocking solution overnight at 4ЊC. Anti-VGLUT1-GST was diluted 1:100, anti-VGLUT2-GST was diluted valinomycin used in Figure 7E 
